introduction
Friction can be defined as a force that is tangent to the common limit of two objects in contact with each other, and which resists the displacement or the imminent displacement of one object against the other.
5, 13 Begg 6 argues that the greatest challenges for orthodontists during an orthodontic displacement include: Pain, the difficulty of producing smooth and continuous forces and resistance to dental displacement caused by friction. Stoner 30 also states that in many cases, when orthodontic mechanics proves itself inefficient, the forces that were applied have likely been dissipated due to friction against brackets, wires and ligatures, which makes it harder to control and magnify the load each tooth receives individually, and favors the so-called reaction forces such as anchorage loss.
Thus, it is extremely important to understand the influence friction exerted on the sliding mechanics of brackets and orthodontic wires, since the application of an optimal force system, through efficient mechanic displacement, is interdependent on the minimization of the frictional forces opposed to the initiation (static friction) and the preservation of dental displacement (dynamic friction). 1, 8, 12, 14, 24, 29 There are many factors that contribute to an increased friction load during sliding mechanics such as bracket and wire composition, slot size, wire dimensions and shape, method of ligation, and some intraoral variables such as saliva itself. 1, 5, 8, 10, 22, 29, 33, 35 With a great number of adults seeking orthodontic treatment, esthetic brackets have become very popular. Because these brackets are associated with a greater friction coefficient in sliding mechanics, they could correlate with less efficient dental displacement mechanics when compared to metal brackets. 11, 14, 16, 26, 31 Bishara 7 reported a 30% reduction in displacement mechanics during canine retraction when using ceramic brackets compared with stainless steel brackets.
In addition to greater esthetic potential 27 , sapphire monocrystalline ceramic brackets present more polished slot surfaces than traditional polycrystalline brackets, which, according to manufacturers and some authors, 15, 26, 29 can provide decreased friction coefficient in sliding mechanics -a favorable factor for more efficient dental displacement.
In light of the recent popularity and acceptance of sapphire monocrystalline brackets and ceramic polycrystalline brackets by both patients and professionals, the objective of this article is to assess and compare in vitro maximum frictional forces produced by conventional ceramic polycrystalline brackets (20/40 and InVu) and Radiance sapphire monocrystalline brackets in sliding mechanics on rectangular stainless steel wires (both in dry and artificial saliva wet settings); and, also, assess each bracket separately for whether the presence of saliva could produce any change in the maximum frictional force.
MAtEriAL And MEtHodS
Fifty-four pre-angulated and pre-torqued esthetic orthodontic brackets were used with a Roth prescription (maxillary right canine) with a 0.022 x 0.030-in slot, and divided into three groups (n = 6) according to the commercial brand, with 18 Radiance (American Orthodontics, Sheboygan, USA) sapphire monocrystalline brackets,18 20/40 (American Orthodontics) ceramic polycrystalline brackets, and 18 InVu (TP Orthodontics, La Porte, USA) ceramic polycrystalline brackets.
For the friction tests, fifty-four (GAC International Inc, Bohemia, USA) 0.019 x 0.025-in rectangular wire segments were used, each approximately 15 cm long, in addition to the brackets, and were inserted and tied to the bracket slots with esthetic elastomeric silicone ligatures (GAC International Inc., Bohemia, USA). Tests were done in both dry and artificial saliva wet settings. Oral Balance (Biotene, São Paulo, Brazil) artificial saliva gel was used for the wet setting tests, and was evenly and similarly spread with a smooth bristle brush on top of all wire segments, brackets, and bands.
Maximum frictional forces, as produced by sliding the wire segments over the brackets, were determined with an EMIC, model DL10000, universal mechanical test machine by the Instituto Militar de Engenharia (IME), Rio de Janeiro. The test speed was 3 mm sliding per minute.
To carry out the tests, an acrylic device directly coupled to a mechanical test machine was used, wherein the brackets were positioned according to the methodology employed by Nishio et al. 23 After test specimens were formed (bracket-wire-ligature), brackets were glued to the center of individual acrylic cylinders (Fig 1) by using a Super Bonder ® (Loctite, ® São Paulo, Brazil) universal instant adhesive. These cylinders were positioned and fitted to the center of the acrylic device through two metal rods that were mounted to the device with two bolts. These bolts were tightened so that the metal rods would not exert any type of pressure on the orthodontic wires and would be used only to keep the individual acrylic cylinders and the test specimens positioned in the center of the acrylic device. Two cylinders were positioned around the metal rods, which allowed them to roll during the sliding of the wires so that any external frictional force would be canceled out during the test.
Wire segments were mounted to the mechanical test machine with a metal wire for traction. After assembling the entire test system (Fig 2) , the wire was pulled 2 mm and the maximum frictional force was measured for all test specimens.
Each bracket was tested once, totaling 54 tests with 18 maximum frictional force measurements for each bracket group, nine in a dry setting and nine in a wet setting. The (ANOVA) analysis of variance was used to compare the maximum frictional force within the different bracket groups both in dry or wet settings, whereas the t test was used to compare the bracket's maximum frictional forces for independent samples in dry and wet settings. A confidence interval of 95% was selected for the statistic tests, where p ≤ 0.05 indicates significant differences within groups.
rESuLtS Tables 1 and 2 show the mean maximum frictional force and the standard deviation for the three groups of brackets calculated through mechanical tests both in a dry and in an artificial saliva wet setting, respectively. Regardless of the type of bracket that was used and the test setting, a low standard deviation was found, making the means both reliable and representative.
Results demonstrated that in the absence of saliva, statistically significant differences were found for all groups (p ≤ 0.05), and the highest frictional force was that of Radiance, followed by 20/40 and, finally, by InVu, which had the lowest frictional force in a dry setting. For tests done in the presence of saliva, Radiance and 20/40 brackets did not have statistically significant differences between each other (p = 1.000). InVu brackets, in turn, had significantly reduced frictional forces compared to the other two groups of brackets (p = 0.000).
In order to demonstrate whether the presence of saliva would cause differences in the maximum frictional forces, intergroup t tests were carried out for independent samples. Variations in the maximum frictional forces for each group of brackets, both in the presence and absence of saliva, are shown in Figure 3 .
Results based on statistical analysis demonstrated that with Radiance brackets the presence of saliva did not produce any significant changes in the maximum frictional forces (p = 0.307).
When 20/40 brackets were analyzed, the presence of saliva significantly changed the maximum frictional force (p = 0.050), which was higher in the presence of saliva (207.6 gf) than in its absence (193 gf).
For InVu brackets, the presence of saliva also produced significant changes (p = 0.047) with a significant increase in maximum frictional force (171.7 gf) when compared to the test performed in its absence (154 gf).
diScuSSion
As previously cited, there are many factors influencing frictional forces, including: bracket and wire composition, slot size (0.018-in or 0.022-in), orthodontic wire dimensions and shape, ligation method, mechanical test speed, and the presence or absence of saliva. Thus, the methodology used in this study tried to minimize the influence of such variables by keeping slot size, bracket prescription, test speed, orthodontic wire characteristics, and artificial saliva unchanged. This allowed us to compare the maximum frictional force produced by polycrystalline and monocrystalline brackets when tested in the presence and absence of saliva.
When comparing the three types of brackets in a dry setting, significant differences were found in their maximum frictional force, which demonstrates that bracket material influences its friction and corroborates findings by several authors. 1, 5, 10, 12, 14, 29, 33, 35 By contrast, when Kusy and Whitley 17 evaluated different bracket and wire combinations, they stated that the variable "bracket" did not produce significant differences in the frictional force when compared to stainless steel and alumina brackets.
The sliding of the wires over the brackets could promote wire surface wear, which, according to Tanne et al, 31 could be greater when using ceramic brackets, therefore increasing the frictional coefficient and hampering displacement. In an attempt to eliminate this variable, this study used a wire segment for each bracket and the same wire area was not pulled more than once. Had this not been done, masked results could have been achieved because with more tests performed on the same wire (same surface), more wear would have been produced, and consequently higher frictional forces would have been generated.
In spite of having a smoother surface, according to their manufacturers and some authors, 15, 26, 29 Radiance monocrystalline brackets had a statistically higher friction for the dry setting tests than the other polycrystalline ceramic brackets. This finding is in compliance with results from studies by Sadique et al 28 who, by using a similar methodology, compared conventional ceramic and monocrystalline bracket friction through sliding mechanics and found similar results. Although brackets have the same prescriptions for this study, the possible differences in the existing angles for the brackets and the wires were cancelled out by using individual acrylic cylinders and eliminating the need for additional precautions such as leaving brackets with a 0° inclination against the wires. This way, inappropriate bracket positioning over the acrylic cylinders was eliminated when these were rotated. 23 Although Cha, Kim and Hwang 10 used a different methodology -due to the fact they carried out static friction tests (the load required for starting displacement), dynamic tests (like this study), and angulated tests between brackets and wires -they found similar results with high frictional forces for sapphire monocrystalline brackets compared to those found during tests of other conventional ceramic brackets. When compared to the results found in this study, tests performed by Saunders and Kusy 29 and De Franco, Spiller and Von Fraunhofer 11 found that polycrystalline and monocrystalline brackets demonstrated similar frictional forces in a dry setting in sliding mechanics over stainless steel, cobaltchrome, nickel-titanium, and beta-titanium wires. Even though they demonstrated such results, they proved the existence of smoother and more polished surfaces in the monocrystalline bracket slots than polycrystalline brackets though the use of scanning electron microscopy. Loftus et al 21 corroborated this finding when they emphasized that bracket superficial roughness might not result in significant differences in the frictional force. No scientific papers were found in the literature that demonstrated lower frictional forces for monocrystalline brackets than for polycrystalline brackets.
When brackets were tested in the presence of saliva, Radiance and 20/40 brackets were found to have statistically similar frictional forces, whereas the InVu bracket had a statistically lower maximum frictional force. This showed that saliva produced some changes in the frictional coefficients, as suggested by Saunders and Kusy, 29 who said that saliva composition, nature, and especially its (natural or artificial) viscosity would be extremely important in explaining divergences in the frictional coefficients found in different studies. With natural saliva wet setting tests, they demonstrated similar frictional coefficients for both monocrystalline and polycrystalline brackets, thus corroborating the results found in this study for Radiance and 20/40 brackets.
Similar to the results found for Radiance and InVu brackets in this study, Sadique et al 28 observed that in the presence of artificial saliva, sapphire monocrystalline brackets had higher frictional forces compared to metal and ceramic brackets (conventional or with metal slots) in sliding mechanics over stainless steel wires and elastomeric ligature.
Kusy, Whitley and Prewitt 18 observed that in artificial and natural saliva studies, saliva could behave as lubrication or adherence, and this would change according to the type of archwire used. These authors, together with Pratten et al 24 and Sadique et al, 28 noticed that by using stainless steel orthodontic wires, saliva would produce an adherence effect and, thus, significantly increase the frictional coefficient, corroborating the results found in this study regarding 20/40 and InVu polycrystalline brackets. For monocrystalline brackets, however, this relation was not found, as demonstrated by Saunders and Kusy, 29 suggesting that wire composition might not be the only variable related to an increased frictional coefficient.
Tseleps, Brockhurst and West, 34 in contrast, emphasized that artificial saliva would promote a lubrication effect in sliding mechanics for monocrystalline and polycrystalline brackets over stainless steel wires, thus significantly reducing the frictional coefficient. When beta-titanium wires were used, however, they observed a significant increase in the coefficient. Saunders and Kusy 29 reported a decrease in the frictional coefficient for monocrystalline brackets in the presence of natural saliva in sliding mechanics over titanium-compounded wires. This decreased friction was attributed to the formation of a smear layer on the slots in these brackets when using these ligatures.
For these authors, 29 saliva is a factor that caused several divergences among results as a function of its (natural or artificial) composition, viscosity, and even delivery technique, and it can increase, decrease or not alter the frictional force. This divergence corroborates the results found in this study because frictional force increased in the presence of artificial saliva gel for polycrystalline brackets, whereas for monocrystalline brackets the force remained unchanged.
Based on the results found in this study, new investigations are needed in dry and wet settings using other commercial brands of monocrystalline and polycrystalline esthetic brackets in an effort to scientifically prove which material would provide a better next-to-optimal force system based on a low frictional coefficient associated with favorable esthetics and a cost compatible with its utilization. concLuSionS 1. Radiance monocrystalline brackets, as tested in the absence of saliva, had statistically higher frictional coefficients, followed by the 20/40, and the InVu brackets, respectively.
2. For tests in the presence of an artificial saliva gel, Radiance bracket frictional coefficients were similar to those for the 20/40 and statistically higher for the InVu brackets.
3. Artificial saliva gel did not cause any significant changes in the maximum frictional forces for Radiance brackets. However, there was a significant increase in the frictional forces for the 20/40 and InVu brackets.
4. InVu brackets had the lowest frictional coefficients of all tested brackets, both for tests in the presence and absence of saliva.
